• For a number of years, we have studied the cardiovascular effects of abdominal aorta constriction in rabbits. We reported that a severe constriction evokes a specific series of circulatory changes 1 ' 2 followed by congestive heart failure and death. 3 In addition, we reported a successful method for the prevention of congestive failure. 4 The subject of this report is cardiac performance and its relationship to survival and ventricular hypertrophy in aorta-constricted rabbits. Cardiac performance was evaluated by finding the maximum mean arterial pressure against which the heart could pump. For this purpose, a heart-lung preparation was used with flow limited to the coronary system. 5
Methods
The aorta in each of 49 rabbits was constricted by a Goldblatt clamp placed between the superior mesonteric and celiac arteries and screwed down until the aorta diameter had been reduced to about one-fourth the original diameter. We consider this to be a severe degree of constriction, i.e., one which produces hypertension and heart failure in most animals. 2 
' s
Silk thread was used to constrict the aorta of 23 other rabbits. The desired degree of constriction (cross-sectional area equal to that produced by the clamp) was obtained by tightening the thread around the aorta and a rod of known diameter, after which the rod was withdrawn.
Pro-and postoperative arterial blood-pressure values were obtained in 43 of the 49 animals with Goldblatt clamp constrictions but not in any of the silk tie animals. Blood pressure was measured indirectly with a mercury manometer connected to an ear capsule around the central ear artery of the unanesthetized rabbit. 6 
HEART-LUNG PREPARATION
The rabbit is anesthetized with pentobarbital, 30 nig./Kg. i.v., and a polyethylene tube inserted into the left jugular vein. The tube is attached to a three-way stopcock for connection with either a venous manometer or a syringe for infusion of blood. Heparin (30,000 units) is administered intravenously. The left carotid artery is cannulated and connected to a T tube. One arm is attached to a mercury manometer and the other to a draining tube. The mean pressure is recorded; it is referred to as the "starting pressure" and is considered an index of the animal's true basal arterial pressure. After the ehest is opened and arterial respiration started, the innominate artery is tied off, and the aortic arch is tied between left ea.rotid and subclavian arteries. At that moment, blood is pumped into an arterial system of very small capacity, i.e., the ascending aorta, coronaries and left carotid artery. The maximum pressure developed by the heart is recorded. Then the draining tube is opened before the heart becomes overly distended, and blood flows out into a reservoir until the arterial pressure is normal. The draining tube is clamped off until the heart can again raise the pressure no further; the procedure is repeated several times; the average maximum pressure is termed "peak pressure." The difference between peak pressure and starting pressure we call "reserve pressure." Peak pressure is obtained in a second way as follows: After the foregoing procedure, blood is drained from the hind quarters by gravity and the inferior and superior venae cavae and azygos vein are tied. A eaunula connected to a H 2 O manometer is placed in the left atrium. The blood circuit is through the right heai't, pulmonary vessels, left heart, ascending aorta, and back through the coronaries. Blood previously collected in the reservoir is used for slow infusion (10 to 15 cc./min.) into the right heart and pressures are recorded after each 10-cc. infusion. The infusion is stopped when mean arterial pressure fails to rise further. This is usually accompanied by a significant increase in the left atrial and sometimes right atrial pressure. The maximum arterial pressure is recorded, the blood drained, and the procedure repeated several times, i Between infusions, pressure in the arterial segment is kept at 90 to 100 mm. Hg.
VENTRICULAR WEIGHT
r.Atria were cut away and blood washed out of the ventricles. These were blotted dry and weighed to the nearest 0.1 Gm. Beznak showed that the Hcsults of heart-lung studies on 17 control and 42 aorta-constricted rabbits.
rat's heart gains or loses a predictable amount of weight with a corresponding change in body weight." After severe aorta constriction, the rabbit's body weight generally is not maintained during the first two weeks, especially if heart failure occurs. I f the animal lives longer than this, body weight is maintained or increased. The range of survival time was extensive in this series of animals-4 to 120 days-and in order to evaluate the degree of ventricular hypertrophy resulting from cardiovascular changes only, ventricular weight was corrected for a gain or loss in body weight. The corrected ventricle weight was expressed in terms of body weight a t the time of operation, not death.
Corrected ventricle weight = observed ventricle weight (Gin.) plus [2.2 Gin./Kg. times body weight loss, K g . ] or, minus [2.2 Gm./Kg. times body weight gain, K g . ] . , , . . . , . , corrected ventricle weight Ventricular index -------:body weight a t time of operation In our laboratory 2.2 Gm./Kg. body weight is the avei'age weight of ventricles for normal rabbits (range 1.7 to 2.6). The limitation of using an average value in the above calculations was recognized by the authors but was necessary since a statistical study of ventricle-body weight relationship in rabbits has not been made.
Results
Only rabbits free from any signs of decompensation (labored breathing, hyperpnea, and cyanosis) were used for heart-lung studies. These were successfully carried out, 4 to 120 days after operation, on the 23 rabbits with aortas constricted with silk thread and on 19 of the 49 with aortas constricted by a Goldblatt clamp. Six other studies in the latter group were technically unsuccess-ful but ventricle weights and blood pressure data have been included. The remaining 24 animals died of heart failure 6 to 33 days after operation. Seventeen normal rabbits made up the control group for the heart-lung studies.
For a study to be technically successful, the average peak pressure values obtained by aorta occlusion and by infusion of blood had to check within 10 to 15 mm. Hg of each other. The highest value was selected. Repeat aortaocclusion peak pressure values were within 5 to 10 mm. Hg of each other, as were the first two or three infusion values. Figure 1 presents the individual results from all of the heart-lung experiments on 17 control and 42 aorta-constricted rabbits, 19 constricted by Goldblatt clamps and 23 by silk thread. Since both types of aorta constriction gave the same general results, for simplicity they have not been differentiated.
The control group had a starting pressure range of 78 to 120 mm. ITg, average: 95 mm. Hg; peak pressure range was 123 to 172 mm. Hg, average: 145 mm. Hg; and reserve pressure range was 31 to 80 mm. Hg, average: 51 mm. Hg.
"Within the first postoperative week, aortaconstricted rabbits developed arterial hypertension in the forepart of the body as indicated in figure 1 by the starting pressures. Between the second and third postoperative week, cardiac performance can exceed that of normal animals, as shown by elevated peak pressures. However, during the first few weeks, reserve pressures were reduced, since arterial pressure (starting pressure) rose more than did peak pressure: reserve pressures began to increase within the third week. During the first 25 clays, for all except the four animals with peak pressures above 180 mm. Hg (denoted by + in fig. 1 ), the average reserve pressure was only 33 mm. Hg (15 to 57 mm. Hg). Three of the four animals with peak pressures above 180 mm. Hg had reserve pressures of 62, 82, and 70 mm. Hg (upper normal range), while the fourth had a reduced reserve pressure of only 30 mm. Hg.
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From 30 days on, all except 2 of the 23 animals studied had peak pressures above 180 mm. Hg, i.e., cardiac performance was well above that of normal rabbits; the maximum peak pressure was 290 mm. Hg. (The two exceptions, denoted by S in figure 1 , also had starting pressures within the normal range. Tt is not unlikely, therefore, that their strictures had become ineffective since they were made with silk thread; see Discussion). Sixteen of the 23 had reserve pressures of 55 mm. Hg, or more; average: 87 mm. Hg (55 to 129 mm. Hg) ; 10 were above 80 mm. Hg, which was the maximum control reserve pressure. The remaining 7 rabbits had reserve pressures less than 55 mm. Hg; average: 40 mm. Hg (20 to 53 mm. Hg). Figure 2 is a plot of peak pressure and reserve pressure and shows the trend toward a linear relationship between them within the control and experimental groups.
A comparison of daily postoperative blood pressure records revealed a distinct difference between heart failure rabbits and those sacrificed 40 days or later without signs of decompensation. The difference lay in the rate of blood pressure increase in the forepart of the body. Table 1 indicates the average maximum pressure increase and the average day it was attained for both groups. Table 1 also has the heart-failure animals divided according to magnitude of pressure increase and matched against those in the sacrificed group with comparable increases. Tt is clear, especially from the matched data, that the rate of the pressure increase was definitely faster among the heart failure animals than those sacrificed-average of 13 versus 30 days, respectively, to attain a comparable pressure increase.
All heart failure animals had a ventricular index above the normal range (1.7 to 2.6 gm./Kg.). This was not true of all 42 sacrificed animals; 19 had ventricular indices within the normal range. However, when these 19 were compared with normal, unoperated rabbits of the same body weight (see table 2 Relationship between reserve and peak pressurein control and aorta-constricted rabbits.
tricle weight were greater than that of the normal group. This indicates that some degree of hypertrophy had occurred. The remaining 23 sacrificed rabbits showed definite hypertrophy, with an average index of 3.4 and average ventricle weight of 8.5 Gm. The average starting pressure was essentially the same for both groups of sacrificed aorta-constricted rabbits, 135 and 140 mm. Hg, thus the difference in ventricle weight could not be attributed to a difference in degree of hypertension. Figure 3 shows there was no correlation between peak pressure and the degree of ventricular hypertrophy. High peak pressures were obtained from hearts with a minimal increase in weight, as well as from those with definite hypertrophy.
Discussion
Within one to two weeks after aorta constriction, femoral pressure returns to the preoperative level because an adequate amount of blood is forced into the hind part. This is effected by increased peripheral resistance in the forepart of the body together with a normal cardiac output. 3 ' 5 However, before this adjustment is complete, blood supply to the hind part is subnormal, although adequate to maintain satisfactory function of Relationship of ventricle weight (ventricular index) to peak pressure for 17 control and 42 aortaconstricted rabbits.
the tissues (renal, muscular, alimentary). Despite this "tolerable" condition-compatible with life-the circulatory system may so rapidly adjust towards giving a normal blood supply to these tissues that destruction of the whole animal supervenes, usually within two weeks. The reason we had animals available for study of cardiac performance one to four months after severe aorta constriction is twofold. First, within two weeks a silk thread constriction becomes incorporated into the aorta wall to a variable and unpredictable extent so that it either no longer constricts the vessel or does so incompletely. (See Results and data in fig. 1 denoted by S.) Blood pressure will rise slowly because of this (unpublished observations) and, therefore, survival rate is improved. (See below, relation of blood pressure to survival.) A Goldblatt clamp constriction does not lessen with time. Secondly, life can be prolonged beyond two weeks if a rabbit is subjected to a short period of circulatory stress before the aorta is severely constricted. For example, we found that heart failure could be prevented indefinitely if the aorta was constricted to a mild degree during the week preceding severe constriction. 4 Other prestress methods which may prolong survival time are: generalized hypertension, restricted aorta blood flow distal to the kidneys, or exposure to high altitude conditions. The animals used for heartlung studies 30 to 120 days after severe constriction included 10 with silk thread and 13 with Goldblatt clamp constrictions; 11 of the latter had been prestressed.
Failure, it is not unreasonable to assume from the data presented, was caused by a rapid rate of increase in arterial pressure exceeding the rate at which the heart could develop a significant improvement in performance and reserve pressure. The latter average was reduced during the first two to three postoperative weeks, and it is during this period that heart-failure animals attain their maximum arterial pressure (see table 1 ). Thus, in the first two weeks, at least, the hearts of many animals function close to maximum performance and so would be liable to decompensation under conditions of expanding vascular volume and other circulatory alterations imposed by the severe aorta stricture. 3
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On the other hand, an animal need never develop heart failure if its rate of blood pressure increase is not too fast. The data in table 1 revealed that nonfailure animals did not attain maximum arterial pressure until the end of the first month. By this time, in most cases reserve pressure was normal or higher, and thus these animals' hearts no longer functioned close to maximum performance; the danger ofc' decompensation was, therefore, minimized. (In view of the con-. siderable variation among controls, a reserve pressure in the normal range after 30 days might represent a definite increase for an individual heart.)
Since it has been stated that the ultimate cause of death is a too rapid rate of increase in arterial pressure, one can assume that successful adaptation to a preconstriction circulatory stress is somehow responsible for the slower pressure rise following severe aorta constriction. How this is brought about was not; determined by these studies. The possibility that the prestress condition prevented failure by improving myocardial performance alone is unlikely, since prestressed animals died of heart failure if pressure rose too rapidly.
The animals that died of failure within the first few weeks due to the rapid blood pressure increase all had high ventricular indices. Of those that survived more than 30 days without failure, only about half had high indices; the others had no or minimal hypertrophy. Studies of skeletal muscle hypertrophy in rats showed that running at high speed caused considerable increase in muscle weight, whereas running at moderate speed produced only a slight weight increase which did not increase further in spite of continuous exercise. 8 Only an increase in speed caused more hypertrophy in the latter group. Since the rate of blood pressure rise was slower in our survivors, this may, in part, account for the minimal amount of hypertrophy found in some of them. On the other hand, the increased ventricular weight found among heart failure animals within the first Circulation Research, Volume X. January 19G2 few postoperative weeks may not represent a true hypertrophy ;-* for example, uonprotein constituents, such as glycogen, might accumulate in cardiac cells as they do in the first stages of skeletal muscle hypertrophy. 8 Cardiac performance apparently was not related to the degree of ventricular enlargement ( fig. 3 ). High peak pressures were obtained from hearts with a minimal increase in weight, as well as from those with definite hypertrophy. Hypertrophy might be one factor in the development of a high performance, but it is not an essential one. Age is another factor, as shown by our recent unpublished studies of cardiac performance in which older hearts perform better than young ones. The mechanism whereby myocardial performance improves without hypertrophy in young animals, such as were used in the present work, must lie in some adaptation of the contractile process, for example, its utilization and expenditure of energy. An effective prestress may start this adaptation process so that after aorta constriction, if •Unpublished observations showed heavy ventricles from aorta-constricted rabbits to have a normal water content and enlarged myocardial fiber diameter early or late in the postoperative course. pressure rises slowly enough, the heart can handle the added load more efficiently.
Because the work of the heart is a function of successive volume changes during systole multiplied by the corresponding pressures," the systolic pressure would be a better indicator of the load on the heart in the postoperative period than mean arterial pressure. In the ease of the aorta-constricted animals, the reservoir capacity of the aorta is reduced by the constriction; thus the pressure developed during systole to eject the proper amount of blood is well above mean pressure, as evidenced by high pulse pressures recorded from the parotid arteries. 10 Beserve pressure was based on the measurement of changes in mean pressure, and this may have exaggerated the reserve pressure difference between experimentals and controls. For example, we noted that eventually reserve pressure of many hearts from aorta-constricted animals exceeded normal values. A truer estimate of reserve pressure in aorta-constricted animals might have been obtained by measuring systolic pressures, because when the arch is tied off, the increase in systolic pressure would be less than in mean pressure.
Summary
A heart-lung preparation with flow limited to the coronary vessels was used to study cardiac performance 4 to 120 days after severe constriction of the abdominal aorta in rabbits. Cardiac performance was evaluated by finding the maximum mean arterial pressure against which the heart could pump. Cardiac performance began to exceed the normal range by the second or third postoperative week and was well above normal after the first month. A high cardiac performance was not necessarily associated with marked ventricular hypertrophy. Animals died of heart failure within the first month, and all had developed a much more rapid rate of blood pressure increase than those that survived without signs of decompensation. We conclude that the basic cause of heart failure after severe aorta constriction is a rapid rise in arterial pressure which exceeds the rate at which the heart develops an improved performance.
